Oligotropha carboxidovorans OM5 is an aerobic, Gram-negative member of the α-subclass of the proteobacteria (1, 2) . It utilizes CO as a sole source of carbon and energy under chemolithoautotrophic conditions (carboxidotrophy).
The 133-kbp circular DNA megaplasmid pHCG3 of O. carboxidovorans has been completely sequenced (3) and the annotated genome sequence of the chromosome has been reported (4) . The plasmid carries the gene clusters cox, cbb and hox, which assemble the functions required for the utilization of CO, CO 2 or H 2 , respectively (3). The three clusters form a 51.2-kb chemolithoautotrophy module. Transcription of the cox gene cluster (Fig. 1A) requires the presence of CO (3, 5, 6) . CO dehydrogenase is the key enzyme in the utilization of CO {CO + H 2 O CO 2 + 2e -+ 2 H + (7)}. It is a molybdenum-and coppercontaining iron-sulfur flavoenzyme. The subunit structure is a dimer of LMS heterotrimers which are encoded by the genes coxMSL (3, 5, 6) . The L subunit (CoxL, 88.7 kDa) is a molybdocopper-protein. It accommodates the catalytic site, which is buried ~17 Å below the solvent accessible surface of CO dehydrogenase (8) (9) (10) . CO is oxidized at a unique [CuSMoO 2 ] cluster.
The Mo ion is coordinated by the molybdopterin cytosine dinucleotide (MCD) cofactor (7, 8, 11) . The Cu ion is coordinated by the cysteine residue 388 of the active site loop VAYRCSFR (5, 6) .
The M-subunit (CoxM, 30.2 kDa) is a flavoprotein accommodating the flavin adenine dinucleotide (FAD)-cofactor. Binding of FAD to the flavoprotein requires the heterotrimeric enzyme complex (8, 12) . The S-subunit (CoxS, 17.8 kDa) is an iron-sulfur protein which contains one [2Fe-2S] center proximal to the [CuSMoO 2 ] cluster and another distal one. These cofactors establish an intramolecular electron transport which delivers the electrons generated through the oxidation of CO at the [CuSMoO 2 ] cluster to [2Fe-2S] I, [2Fe-2S] II and finally to FAD, from where they are fed into a COinsensitive respiratory chain to generate a membrane potential (13) .
O. carboxidovorans synthesizes CO dehydrogenase in two forms: as the catalytically active enzyme species and as a properly assembled apo-enzyme, which does not oxidize CO (10) . Usually, both mature and immature species of the enzyme co-exist in the bacterial cell. Other than the functional enzyme, which contains the [CuSMoO 2 ] cluster, the apo-enzyme lacks the Cu-ion and/or the sulfur connecting the two metals (10, 14) . The immature [MoO 3 ]-form of the CO dehydrogenase active site can be reconstructed in vitro to yield the catalytically active [CuSMoO 2 ] cluster, through the supply of sulfide first and subsequently of Cu(I) under reducing conditions (14) . CoxD is first in the subcluster coxDEFG which locates transcriptional downstream of the CO dehydrogenase structural genes coxMSL. The CoxD protein of O. carboxidovorans [ORF 135 (3) , formerly orf4 (6)] has a predicted molecular mass of 33.367 kDa, comprises 295 amino acids, carries the putative nucleotide binding site 43 GEAGVGKT 50 , is devoid of transmembraneous helices, and has no known functions up to now (5).
Here we report the requirement of the CoxD function for the biogenesis of the [CuSMoO 2 ] cluster in the active site of apo-CO dehydrogenase. (16) . Fermentors were supplied with a gas mixture of 5% CO 2 , 30% CO, 30% H 2 and 35% air. Bacteria, harvested in the late exponential growth phase, were stored frozen at -80 °C until use.
EXPERIMENTAL PROCEDURES

Organisms
Escherichia coli K38 pGP1-2/pETMW2 is a construct containing coxD under the control of the lac-repressor and a heat-inducible T7 RNA polymerase. A coxD-containing 0.98-kb NdeI-BamHI fragment (6) was cloned into the vector pET11a (Novagen, Heidelberg, Germany) yielding pETMW2, which subsequently was transformed into E. coli K38 pGP1-2 (17). The construct E. coli K38 pGP1-2/pETMW2 was cultivated aerobically at 30 °C in a fermentor supplied with 20 l of LB medium (18) supplemented with ampicillin (200 µg ml -1 ) and kanamycin (100 µg ml -1 ). Induction was with 1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG).
Insertional mutagenesis of coxD -The plasmid pETMW2 is a recombinant construct of vector pET11a (Novagen, Heidelberg, Germany), which carries the coxD sequence. The kanamycin resistance cassette was isolated from plasmid pUC4KIXX (Amersham Pharmacia Biotech, Freiburg, Germany) of E. coli DH5α (19) . For mutagenesis of coxD, pETMW2 was isolated from E. coli DH5α, the kanamycin resistance cassette was inserted into the coxD sequence and transformed into E. coli DH5α. The recombinant plasmid is referred to as pETMW2km. The coxD::km sequence isolated from pETMW2km was cloned into the suicide plasmid pSUP 201-1 isolated from E. coli S17-1 (20) . The resulting plasmid pSUPD::km was transformed into E. coli S17-1, and coxD::km was transferred from E. coli S17-1 to O. carboxidovorans OM5 by conjugation (Fig. 1B) . Mutagenesis was checked by Southern blotting employing a KIXX-probe directed against the kanamycin resistance cassette and a D-probe for coxD. The KIXX-probe was produced by isolating the 1.2 kb KIXX-fragment from the plasmid pUC4KIXX followed by labelling with digoxigenin. For the D-probe, the plasmid pCDH1 was isolated from E. 
chloride) as electron acceptor (22) . One unit of CO dehydrogenase activity is defined as 1 µmol of CO oxidized per min at 30 °C. Protein estimation followed published procedures (23, 24) . The purity of CO dehydrogenase preparations was examined by SDS-PAGE (25) employing 7.5% acrylamide-stacking gels and 15% acrylamiderunning gels. The concentration of purified CO dehydrogenase was determined employing a millimolar extinction coefficient (ε 450 ) of 72 mM -1 cm -1 (26) . UV/visible spectra were recorded on a spectrophotometer (Uvikon model 941, Kontron, Eching, Germany) as described (9) .
Analysis of cyanolysable sulfur and metals -Sulfane sulfur was determined by treating samples of CO dehydrogenase with potassium cyanide followed by colorimetric analysis of the resulting thiocyanate as FeSCN (10) . Copper was determined by flame atomic absorption spectroscopy (AAS) (Perkin Elmer, model 1100 B, Überlingen, Germany). For that purpose 50 µl of CO dehydrogenase solution (2 mg/ml) in 50 mM Hepes/NaOH (pH 7.2) were injected. Calibration was with 4 to 50 µM CuSO 4 in the same buffer. Molybdenum was assayed after oxidative wet ashing of samples of CO dehydrogenase with 96% sulfuric acid containing 30% H 2 O 2 and colorimetric analysis at 680 nm of Mo (VI) as the dithiol complex (27) .
Reconstitution of apo-CO dehydrogenase -Sulfur was introduced into apo-CO dehydrogenase (2.4 mg/ml) from 5 mM Na 2 S in the presence of 5 mM Na-dithionite in 50 mM Tris/HCl (pH 8.2) under anoxic conditions (pure nitrogen) as detailed previously (14) . Assays were kept for 10 h at 36 °C, and the small molecular weight fraction was removed from the protein by anoxic gel filtration (Sephadex G-25, PD10, Amersham Pharmacia, Freiburg, Germany). Cu (I) was introduced into resulfurated CO dehydrogenase (2.4 mg/ml) employing 125 µM Cu[SC(NH 2 ) 2 ] 3 Cl in 50 mM Tris/HCl (pH 8.2) followed by anoxic incubation at 36 °C. Small molecular weight compounds were removed by anoxic gel filtration.
X-ray absorption spectroscopy (XAS) -CO dehydrogenase (75 µl containing 230 mg/ml protein in 50 mM Hepes/NaOH, pH 7.2) was transferred to XAS-cuvettes covered with Kapton windows, frozen in liquid nitrogen and stored at -80 °C until use. XAS data were collected at DESY (Hamburg, Germany) at the European Molecular Biology Laboratory bending magnet EXAFS beam line D2 using a Si (311) double monochromator for measurements at the Mo-K-edge. For measurements, the samples were cooled by a helium-closed-cycle cryostat with a temperature of 20 K. The experiments, data reduction and analysis were performed as described (10) .
Electron paramagnetic resonance (EPR) spectroscopy -X-band EPR spectra were recorded on a Bruker EMX spectrometer equipped with an ESR 900 helium cryostat (Oxford Instruments, Oxon, U.K.) as previously described (12) . Spectra were recorded at 16 K, 50 K and 120 K applying a microwave frequency of 9.47 GHz, 1 mT modulation amplitude and 10 mW microwave power. The magnetic field was calibrated with a diphenylpicrylhydrazin-sample. CO dehydrogenase purified from the mutant D::km or the wild type (11.6 mg/ml in 50 mM Tris/HCl, pH 8.2) were made anoxic with pure argon and then reduced with 5 mM sodium dithionite or sparged with pure CO for 60 min and frozen in liquid nitrogen.
Miscellaneous methods -Homogeneous recombinant CoxD was prepared by solubilising inclusion bodies with 1.5% N-lauroylsarcosine followed by gel filtration on Sephacryl S-200 and denaturing PAGE. Protein bands were blotted onto polyvinylidene fluoride (PVDF, Roth, Karlsruhe, Germany) and used for antibody production in rabbits (Eurogentec, Seraing, Belgium). IgG antibodies directed against CoxD were purified from antisera employing chromatography on protein A Sepharose. Samples for analysis on SDS-PAGE were prepared by boiling for 4 min in 160 mM tris-hydroxymethylaminomethane (Tris, pH 6.8) containing 1% SDS and 2.5% mercaptoethanol.
Sucrose density gradient centrifugation was performed in tubes containing 75 ml of 30 to 80% (w/v) sucrose in Tris-buffer. Cell extract (5 ml) was layered on top of the gradient and centrifuged for 42 h at 100.000 x g at 4 °C (Uvikon, Kontron, Eching, Germany). Fraction volume was 1.7 ml.
NTPases were assayed through the determination of inorganic phosphate released from Na 2 ATP or Na 2 GTP (28).
Chemicals -All chemicals employed were of analytical grade and purchased from usual commercial sources.
RESULTS
Bioinformatic observations group CoxD with the chaperone-like 'ATPase associated with various cellular activities' (AAA) family of
ATPases. CoxD displays 13 putative α-helices and 8 β-strands and is devoid of transmembranous helices (Fig. 2) . Using a combination of methods for iterative database searching and multiple sequence alignment, CoxD is predicted as a new addition to the superfamily of AAA+ ATPases ( Fig. 2 and  supplementary material Fig. S1 ). The family comprises P-loop NTPases with oligomeric (mostly hexameric) ring structure that are able to induce conformational changes in a wide range of substrate proteins (29, 30) . The N-terminus of CoxD contains the N-linker in the loop connecting the helices α0 and α1 and shows the characteristic motif consisting of a hydrophobic amino acid (A17) and glycine (G18). In CoxD CoxD gives the highest BLAST score (71% identity, 83% similarity) with a sequence of Bradyrhizobium sp. BTAi1 which is predicted as a MoxR-like AAA+ ATPase (National Center for Biotechnology Information NCBI www.ncbi.nlm.nih.gov). The latter have been proposed to function with von Willebrand factor A (VWA, same as integrin I)-domain containing proteins to form a chaperone system that is important for the folding/activation of proteins and protein complexes by primarily mediating the insertion of metal cofactors into the substrate molecules (29) . Within the MoxR AAA+ ATPases, which comprise at least seven subfamilies, CoxD groups with the APE2220 subfamily. Very frequently the genes of this family are in close proximity (typically adjacent) to genes encoding VWA proteins belonging to the CoxE COG3552 (NCBI Clusters of Orthologous Groups) (29) . Indeed, coxD and coxE group together in the cluster coxDEFG of O. carboxidovorans and are separated by only 2 nucleotides (3, 5). The members of APE2220 and their associated VWA proteins have been considered important for proper metal cofactor insertion in CO dehydrogenases, xanthine dehydrogenases and other enzymes of the Mo hydroxylase family (29) .
CoxD shares characteristic features with the BchI component in the Mg 2+ -chelatase complex of Rhodobacter sphaeroides (Fig. 2) . Particularly, both proteins combine an AAA+ module with a VWA binding motif in their Cterminus and contain in their N-terminus a pore loop, which is uniquely preceded by a cysteine. Fig. S2 ). The signal was not apparent in the wild type strain. The coxD-probe hybridized with all restriction fragments of the mutant and also with the wild type strain (supplementary material Fig. S2, A and B) . The hybridization signals of plasmid DNA from the mutant with the KIXX-probe and the D-probe were indistinguishable, and the fragments had the right sizes, which indicates the successful insertion of the kanamycin resistance cassette into the coxD gene (Fig. 1) .
Inactivation of the coxD gene disables O. carboxidovorans OM5 D::km to grow on CO.
Growth with pyruvate or nutrient broth of the D::km mutant of O. carboxidovorans or the wild type strain was the same (generation time ~6 h), indicating that the inactivation of coxD does not affect the chemoorganoheterotrophic metabolism. Other than wild type O. carboxidovorans, the D::km mutant was not able to utilize CO, whereas growth of the mutant with H 2 plus CO 2 was not impaired (Fig. 3) . Obviously, the coxD function is specifically required in the chemolithoautotrophic metabolism of CO, particularly in the biosynthesis of CO dehydrogenase, and not in the assimilation of CO 2 in the CBB-cycle or any other essential metabolic routes. The entire cluster of cox-genes is specifically and co-ordinately transcribed under chemolithoautotrophic conditions in the presence of CO (5). To properly induce CO dehydrogenase biosynthesis in the D::km mutant, the bacteria were cultivated under chemolithoautotrophic conditions with H 2 plus CO 2 and in the presence of CO as an inducer (Fig. 3) . The generation time of ~9 h (compared to ~16 h with CO as sole energy source) indicates that under these conditions H 2 is the energy source and that growth of the D::km mutant is not impaired by the presence of CO (Fig. 3) . This excludes a probable function of coxD in the metabolic insensitivity of O. carboxidovorans towards CO.
Transcription of cox genes. In the wild type strain of O. carboxidovorans growing with H 2 plus CO 2 and with CO as an inducer, the cox genes M, S, L, D, E, F, and G are properly transcribed (supplementary material Fig. S2, C) . Under these conditions the D::km mutant did not show a coxD transcript, whereas all other cox genes examined were readily transcribed. This data indicates that the mutation has specifically inactivated coxD, does not exert a polar effect on neighbouring genes and that the coxD mutant is not leaky.
CO dehydrogenase purified from the D::km mutant. In agreement with the inability to utilize CO as a growth substrate, cell-free extracts prepared from the induced D::km mutant could not catalyze the oxidation of CO, although on native PAGE a protein band was visible which corresponds to the catalytically active CO dehydrogenase from wild type O. carboxidovorans (Fig.  4A ). Apo-CO dehydrogenase was purified 17-fold with a yield of ~44% (supplementary material Table S1 ). The absence of major contaminating protein bands on native PAGE shows that the apo-enzyme was obtained with reasonable purity (Fig. 4B, lane 1) . The enzyme amounted to ~6% of the total cell protein and ~11% of the cytoplasmic fraction. The mobilities of apo-and wild type CO dehydrogenase upon native PAGE were indistinguishable (Fig. 4B, lanes 1 and 2) , suggesting same quaternary structure. Activity staining indicated that the CO dehydrogenase purified from the mutant cannot oxidize CO (Fig.  4C, lanes 1 and 2) . In addition, the specific COoxidizing activity of the apo-enzyme was below the detection limit of the photometric assay (0.02 U/mg).
The polypeptides CoxM, CoxS, and CoxL from apo-and wild type CO dehydrogenase showed same electrophoretic mobilities and stoichiometries (Fig. 4D, lanes 1  and 2) , indicating that the apo-enzyme has the right (LMS) 2 subunit structure. The identity of the apo-enzyme as CO dehydrogenase was also apparent from the right NH 2 -terminal amino acid sequences of its subunits (CoxM, MIPGSFDYHR; CoxS, -AKAHIELTIN; CoxL, -NIQTTVEPTS). In summary, this data indicates that the coxD function is related to the proper biosynthesis of a catalytically competent CO dehydrogenase and not to the translation, folding or proper assembly of the CoxMSL polypetides.
The air-oxidized or dithionite-reduced absorption spectra of CO dehydrogenase from wild type (data not shown) or mutant were indistinguishable (Fig. 4E) . This indicates the presence of redox active FAD and iron-sulfur clusters in the apo-enzyme. The apo-enzyme was not bleached in the presence of CO (Fig. 4E) , which indicates that neither the iron-sulfur centres nor the flavin cofactors were reduced. That the iron-sulfur centres in apo-CO dehydrogenase do not receive electrons from CO is also apparent from EPR spectroscopy (Fig. 5) . Reduction of the apo-enzyme with CO at 16 K or 50 K did not produce the rhombic paramagnetic signals characteristic of the wild type enzyme (Fig. 5A and B, traces c and d) , although dithionite was able to generate them ( Fig. 5A  and B, traces e and f) . This data suggests that the apo-CO dehydrogenase is complete in the intramolecular electron transport but impaired in the oxidation of CO.
Active site structure of apo-CO dehydrogenase. At this stage of our research the [CuSMoO 2 ] cluster became the prime target for the analysis of the coxD function. The apo-CO dehydrogenase was complete in Mo (2.04+0.20 mol per mol of enzyme), but deficient in Cu (0.01+0.01 per mol of enzyme) and deficient in the µ2 sulfur bridging Mo and Cu (0.13+0.02 mol cyanolysable S per mol of apo-enzyme). In the air oxidized state apo-and wild type CO dehydrogenase showed no paramagnetic Mo EPR signal (Fig. 5C and D, trace a) . The characteristic complex EPR spectrum generated by CO from the wild type enzyme (Fig. 5D,  trace b) was not apparent in the apo-enzyme, which remained EPR silent (Fig. 5C, trace b) . Apparently, CO is not capable to reduce Mo (VI) to Mo (V) in the catalytic site of apo-CO dehydrogenase.
Dithionite generated a paramagnetic Mo (V) signal in the apo- (Fig. 5C , trace c) as well as the wild type enzyme (Fig.  5D, trace c) . The `desulfo´-type signal elicited by the apo-enzyme (Fig. 5C, trace c) refers to a MoO 3 -ion (Fig. 5D, trace d) in place of a functional [CuSMoO 2 ] centre (Fig. 5D, trace c) .
X-ray absorption spectroscopy of apo-CO dehydrogenase showed a [MoO 3 ] site with minor contributions of a [MoO 2 S] site ( Fig. 6A  and B) . Mo is coordinated by five ligands: 2.6 O at a distance of 1.75 Å, two S at 2.48 Å and 0.4 S at a distance of 2.34 Å (Fig. 6B and supplementary material Table S2 ). Chemical analysis of the enzyme batch employed for XAS revealed a cyanolysable sulfur content of 0.19+0.07 mol S per mol of Mo, and no Cu. About 60% or 80-93% of the Mo in apo-CO dehydrogenase is formed as a [MoO 3 ] centre based on XAS or chemical analysis, respectively. The assignment of a third sulfur with long distance and low occupancy can be challenged by the interpretation of two short oxygen and one longer hydroxy/water ligand, because such a ´labile´oxygen might be imagined as the point of sulfur transfer during the maturation of the binuclear cluster. However, the refinement of the apo-CO dehydrogenase EXAFS spectra does not support this idea. The fit index of 2.2921 for the long sulfur model is much better than 2.7428 of the long hydroxy model. In addition, the DebyeWaller parameter for the oxo-groups of 2 σ 2 = 0.0026(4) Å is smaller than the one observed in wild type CO dehydrogenase (10), whereas the Debye-Waller parameter for the sulfur ligands of 2 σ 2 = 0.012(2) Å is more than twice the one of the wild type enzyme. We feel confident that such an asymmetric disorder within the first shell is not very likely.
The catalytically competent [CuSMoO 2 ] cluster could be reconstructed from the [MoO 3 ] site in the apo-enzyme through resulfuration followed by introduction of Cu, which rescued the CO oxidizing activity of the enzyme (Fig. 7) . Treatment with Cu first and then with sulfide or with Cu exclusively did not restore enzyme activity (Fig. 7) . The chemistry of cluster reconstruction suggests that the sulfur must go in first, followed by the Cu-ion. It is apparent that the coxD gene product is required for the maturation of the [CuSMoO 2 ] cluster, particularly to allow for the introduction of the µ2 S and the Cu.
Properties of CoxD.
We have achieved the heterologous expression of CoxD in E. coli K38 pGP1-2/pETMW2 at 38% of the total cell protein (Fig. 8A ). The considerably high expression level has apparently hindered the formation of soluble CoxD, and the recombinant protein appeared entirely in inclusion bodies. The molecular mass of the recombinant CoxD polypeptide (34 kDa) apparent from SDS-PAGE (Fig. 8A) is similar to 33.5 kDa deduced from the sequence. CoxD resides in the cytoplasmic membrane of O. carboxidovorans and is absent from the cytoplasm (Fig. 8A and B) . The occurrence of CoxD in membranes coincided with GTPase activity, whereas ATPase activity in membranes was insignificant (Fig. 8B) . NTPase (ATP, GTP) activity was present in crude preparations of recombinant CoxD solubilised from inclusion bodies with Nlauroylsarcosine.
No CoxD-specific immunological signals could be detected in membranes or cytoplasm of O. carboxidovorans grown with H 2 or pyruvate, or in the CO-induced mutant D::km. Because CoxD has not been purified in a functional state, speculations about its role as an AAA+ ATPase chaperone and other possible functions are mainly confined to knowledge of its primary sequence.
DISCUSSION
Biogenesis of the [CuSMoO 2 ] cluster.
The CO dehydrogenase of the coxD mutant suggests that the [CuSMoO 2 ] cluster is assembled stepwise at the catalytic site of an apo-enzyme which is completely folded, fully assembled and contains all relevant cofactors except the bimetallic cluster. This situation is contrasted by other enzyme systems where the metal cofactor is separately formed in a multistep process outside of its target protein. For example, the FeMo-cofactor of dinitrogenase is first assembled outside of the enzyme by specialized biosynthetic machinery and then incorporated into the cofactor-deficient apoenzyme generating the catalytically competent dinitrogenase (34) . FeMo-co biosynthesis involves (i) formation of an Fe-S core, (ii) rearrangement of the core to an entity that is topologically similar to the metal-sulfur core of FeMo-co, (iii) insertion of Mo and attachment of homocitrate, and (iv) trafficking of FeMo-co or its precursors among the various sites at which these events occur (35) . The process employs molecular scaffolds (NifU, NifB, NifEN) where FeMo-co is stepwise assembled, metallocluster carrier proteins (NifX, NafY) that carry FeMo-co precursors between assembly sites in the pathway, and enzymes (NifS, NifQ, NifV) that provide S, Mo, and homocitrate for cofactor synthesis (34, 35) .
The CO dehydrogenase-related xanthine dehydrogenase from wild type Rhodobacter capsulatus or mutants defective in Mo-cofactor biosynthesis did not co-migrate upon electrophoresis, which led the authors to conclude that the conformation of the immature enzyme has been altered and that the complete Mo-cofactor, including the sulfur, is put together before the assembly and correct folding of the enzyme (36) . In the maturation of Rhodobacter xanthine dehydrogenase, the XdhC protein entails binding of the molybdenum cofactor and its insertion into the XdhB subunit of the enzyme. XdhC promotes the exchange of one of the two equatorial oxygen ligands of the molybdenum by a sulfur through interaction with the L-cysteine desulfurase NifS4. The latter transfers the sulfur from cysteine to molybdenum cofactor-bound XdhC, before its insertion into the enzyme (37) (38) (39) . A significant homologue of xdhC is apparently absent from the cox-gene cluster or the entire megaplasmid pHCG3 of O. carboxidovorans. The chromosome of O. carboxidovorans reveals three potential xdhC genes, one is clustered with predicted xanthine dehydrogenase structural genes (xdhA, xdhB) and the other two are grouped with a potential molybdopterin binding protein. In contrast to Rhodobacter xanthine dehydrogenase, same mobilities of CO dehydrogenase and apo-CO dehydrogenase upon native PAGE (Fig. 4) suggest unchanged conformations. Other than with external cofactor biosynthesis, the assembly of the [CuSMoO 2 ] cluster presumably involves apo-CO dehydrogenase as an internal molecular scaffold for the insertion of S and Cu. This paper identifies CoxD as another principal player in the assembly of the bimetallic cluster. Predictions from the amino acid sequence, which are consistent with the available information, support the hypothesis that CoxD serves as an AAA+ ATPase chaperone to partially unfold the large subunit (CoxL) in an NTP (presumably GTP) -dependent manner, thereby making the buried [MoO 3 ] centre accessible to the sequential introduction of S and Cu. CoxD is particulate and apo-CO dehydrogenase is cytoplasmic, which suggests that the maturation of CO dehydrogenase proceeds at the inner aspect of the cytoplasmic membrane. All 
